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PIF3, a Phytochrome-Interacting Factor Necessary
for Normal Photoinduced Signal Transduction,
Is a Novel Basic Helix-Loop-Helix Protein
The generic phytochrome molecule is a soluble, dimeric
chromoprotein with each subunit consisting of a tet-
rapyrrole chromophore covalently linked to an z120 kDa
polypeptide (Quail, 1997a). The photosensory activity of
the molecule resides in its unique capacity for reversible,
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light-induced interconversion between its R-absorbingAlbany, California 94710
Pr form and its FR-absorbing Pfr form. In the plant, light-
triggered Pfr formation activates the signaling pathways
that lead to the well-documented pleiotropic effects onSummary
gene expression and development that occur through-
out the life cycle (Kendrick and Kronenberg, 1994; TobinThe mechanism by which the phytochrome (phy) pho-
and Kehoe, 1994; Terzaghi and Cashmore, 1995).toreceptor family transduces informational light sig-
In Arabidopsis, the phytochromes comprise a five-nals to photoresponsive genes is unknown. Using a
membered family, designated phyA to phyE (Mathewsyeast two-hybrid screen, we have identified a phyto-
and Sharrock, 1997). Evidence primarily from mutantschrome-interacting factor, PIF3, a basic helix-loop-
in the different phytochromes indicates that individualhelix protein containing a PAS domain. PIF3 binds to
members of the family have differential, albeit some-wild-type C-terminal domains of both phyA and phyB,
times overlapping, photosensory and/or physiological
but less strongly to signaling-defective, missense mu-
functions in controlling developmental responses (Quail
tant±containing domains. Expression of sense or anti- et al., 1995; Smith and Whitelam, 1997; Whitelam and
sense PIF3 sequences in transgenic Arabidopsis per- Devlin, 1997). This functional distinction is particularly
turbs photoresponsiveness in a manner indicating that striking between phyA and phyB in the control of seed-
PIF3 functions in both phyA and phyB signaling path- ling deetiolation, where the effects of continuous mono-
ways in vivo. PIF3 localized to the nucleus in transient chromatic FR (FRc) are mediated exclusively by phyA,
transfection experiments, indicating a potential role in and the effects of continuous monochromatic R (Rc) are
controlling gene expression. Together, the data sug- mediated predominantly by phyB (Quail et al., 1995).
gest that phytochrome signaling to photoregulated Domain swap experiments indicate that the N-terminal
genes includes a direct pathway involving physical domain determines this photosensory specificity, whereas
interaction between the photoreceptor and a tran- the C-terminal domain is reciprocally interchangeable
scriptional regulator. between phyA and phyB, suggesting a common molecu-
lar function (Wagner et al., 1996). Together with evidence
that missense mutations affecting perceived signal trans-
Introduction fer cluster in a 160-residue ªcoreº region of the C-termi-
nal domain of both photoreceptors, these data suggest
To track the status of their light environment, plants that the C-terminal domain of the phytochrome molecule
have evolved a set of informational photoreceptors that may be directly involved in signal transfer and that the
assess and relay the nature of the incident signals to signaling process involves determinants that are com-
the nuclear genes that control responses in growth and mon to phyA and phyB (Quail et al., 1995).
development appropriate to that environment (Kendrick On the other hand, genetic screens for Arabidopsis
and Kronenberg, 1994). Two major classes of such pho- mutants selectively or specifically defective in either
toreceptors are known: the cryptochromes and other blue/ phyA or phyB signal transduction pathways have pro-
vided evidence for potentially separate signaling path-UV light±absorbing receptors, and the phytochromes,
ways. The mutants fhy1, fhy3, and spa1 appear specificresponsible for monitoring the red (R) and far-red (FR)
to phyA signaling (Whitelam et al., 1993; Hoecker etregions of the spectrum. Considerable progress has
al., 1998), whereas pef2, pef3, and red1 are potentiallybeen made in recent years in the molecular cloning and
specific to phyB signaling (Ahmad and Cashmore, 1996b;characterization of the photoreceptors themselves (Ah-
Wagner et al., 1997). However, the molecular identitiesmad and Cashmore, 1996a; Huala et al., 1997; Mathews
of these components are yet to be reported.and Sharrock, 1997; Guo et al., 1998), as well as some
Here, we have used the yeast two-hybrid system tosignaling pathway components such as HY5 and the
screen an Arabidopsis cDNA library for phytochrome-COP/DET/FUS class of global repressors that appear
interacting factors (PIFs) and to evaluate the specificityto lie at or downstream of the convergence of the crypt-
of any interactions by molecular criteria. The functionalochrome and phytochrome transduction pathways (Chory
relevance to phytochrome signaling of one such interac-et al., 1996; Wei and Deng, 1996; Ang et al., 1998). How-
tor, PIF3, has been investigated by examining transgenicever, little is known about early steps in the transduction
Arabidopsis seedlings expressing sense or antisenseprocess, including the identity of the factor(s) that inter-
PIF3 constructs for perturbation of photoresponsivenessacts with each photoreceptor in the initial signal transfer
under Rc or FRc conditions, diagnostic for phyB andreaction. Here we address this question in relation to
phyA activity, respectively. In addition, because the se-the phytochromes.
quence of PIF3 indicates that it belongs to the basic
helix-loop-helix (bHLH) class of transcriptional regula-
tors, we have examined the subcellular localization of* To whom correspondence should be addressed (e-mail: quail@
nature.berkeley.edu). PIF3 in a transient transfection assay.
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Figure 1. PIF3 cDNA Identification and Inter-
action with Both phyA and phyB C-Terminal
Domains
(A) Diagrammatic representation of the phyB
molecule (top) and the Gal4 DNA-binding do-
main (GBD):Arabidopsis-phyB C-terminal-
domain fusion used as bait in the yeast two-
hybrid screen (bottom). The locations of
the chromophore (partitioned rectangle), the
ªcoreº region (core), PAS repeats (PAS1 and
PAS2), and the histidine kinase-like domain
(HKLD) are indicated on the phyB molecule.
(B) Specific interaction of PIF3 with phyB.
Shown is the growth on nonselective (1His)
and selective (2His) medium of yeast colo-
nies (left) cotransformed with the combina-
tions of bait and prey constructs indicated
(right). Fusion proteins are depicted as parti-
tioned rectangles with each component la-
beled. GBD, as defined in (A); A-phyB, Arabi-
dopsis phyB C-terminal domain; VA3, murine
P53 control bait domain; PIF3, phytochrome-
interacting factor 3; GAD, Gal4 activation do-
main. Plate sectors cotransformed with the
different bait±prey pairs are indicated in the
center.
(C) PIF3 cross-reacts with Arabidopsis phyA
and phyB and with rice phyB as determined
by quantitative yeast two-hybrid interaction
assay. Yeast cells were cotransformed with
the bait and prey combinations depicted to
the left and quantitatively assayed for b-galac-
tosidase activity. R-phyB, rice phyB C-termi-
nal domain; A-phyA, Arabidopsis phyA C-ter-
minal domain; other designations as in (B).
(D) In vitro binding of PIF3 to Arabidopsis
phyB. 35S-labeled GAD, GAD:PIF3 fusion pro-
tein, and A-phyB C-terminal domain were
synthesized in separate in vitro transcription/
translation reactions. A-phyB was incubated
with either GAD (2PIF3) or GAD:PIF3 (1PIF3)
and immunoprecipitated with anti-GAD anti-
bodies. Labeled proteins in pellet and super-
natant (1/20th concentration) fractions were
visualized by autoradiography after fraction-
ation by SDS-PAGE.
Results 1C). Data from a pull-down experiment using phyB and
PIF3 proteins synthesized by in vitro transcription/trans-
lation (Figure 1D) support the conclusion that PIF3 inter-Isolation of Phytochrome Interactive Proteins
Based on the evidence that the C-terminal domain of acts directly with the photoreceptor molecules.
the phytochromes may be directly involved in interac- Because of the evidence that point mutations cluster-
tions with signaling partners (Quail et al., 1995), we used ing in the ªcoreº region of phyA and phyB disrupt signal
this domain of phyB as bait in the yeast two-hybrid transfer to downstream components in vivo (Quail et al.,
system to screen an Arabidopsis cDNA library (Figure 1995), we tested whether a representative set of these
1A). From 6 3 106 colonies screened, 14 were isolated mutations would interfere with the binding of PIF3 to
that were both His- and b-galactosidase-positive after the photoreceptor molecules. Figure 2 shows that each
rescue in E. coli and retransformation back into yeast. of the selected mutations substantially reduced the in-
One, PIF3, was selected here for further study. teraction of the three phytochromes tested in the quanti-
tative yeast two-hybrid assay. Western blot analysis
shows that this reduction is not due to reduced expres-Molecular Specificity of the
sion levels of the mutant proteins (Figure 2).Phytochrome±PIF3 Interaction
Plate-growth assays on minus-His medium indicate that
PIF3 interacts with the Arabidopsis phyB C-terminal do-
PIF3 Is a Novel bHLH Proteinmain in a selective manner, as no interaction was de-
The coding sequence of the original PIF3 cDNA isolatedtected with the control protein VA3 (Figure 1B). On the
in the two-hybrid screen appeared to be incompleteother hand, PIF3 does cross-interact with the C-terminal
domains of both rice phyB and Arabidopsis phyA (Figure at the 59 end. However, several clones subsequently
Phytochrome-Interacting Factor 3
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Figure 2. Missense Mutations in phyA and
phyB Core Regions Impair Interaction with
PIF3
(A) Diagrammatic representation depicting
C-terminal domain amino acid substitutions
that disrupt phyA (above) and phyB (below)
signaling in vivo (Quail et al., 1995). Substitu-
tions tested here for effects on interactions
with PIF3 are marked in reverse contrast.
(B) Interaction of Arabidopsis phyB wild-type
(A-phyB) and mutant (A-phyB/AV, A776/V;
A-phyB/EK, E838/K) C-terminal domain se-
quences with PIF3.
(C) Interaction of rice phyB wild-type (R-phyB)
and mutant (R-phyB/AV, A776/V; R-phyB/EK,
E838/K) C-terminal domain sequences with
PIF3.
(D) Interaction of Arabidopsis phyA wild-type
(A-phyA) and mutant (A-phyA/AV, A776/V;
A-phyA/GE, G788/E) C-terminal domain se-
quences with PIF3.
Yeast cells were cotransformed with the bait
and prey combinations depicted to the left
and quantitatively assayed for b-galactosi-
dase activity. Expression of wild-type and
mutant phytochrome fusions was monitored
by Western blot analysis (right) using antibod-
ies specific to either the GBD or GAD in the
relevant fusion protein. Cells transformed with
(1) or without (2) relevant antigen-encoding
fusion construct.
isolated from a cDNA library appeared to contain a com- Outside the bHLH domain, PIF3 has little sequence
similarity to other known proteins, except for a regionplete protein coding sequence and to be close to full
length based on comparison to the single 1.6 kb tran- of limited similarity to a single PAS domain in the
N-terminal half of the molecule (Figures 3A and 3D). Itscript detected on Northern blots (data not shown).
Southern blot analysis indicated that PIF3 is likely a is of interest that the strongest similarities are with the
PAS domains of the phytochromes and the PYP photo-single-copy gene (data not shown). We sequenced the
PIF3 gene, determined its structure by comparison to receptor (Lagarias et al., 1995). A prominent subclass
of bHLH proteins, including the clock proteins ARNT,the cDNA (Figure 3A), and mapped it to chromosome 1
near PHYA using an arrayed YAC library (Creusot et al., SIM, and BMAL (Figure 3D), contain PAS domains (Kay,
1997; Dunlap, 1998), but the molecular architecture is1995). Subsequently, the sequence of a BAC designated
F14J9 containing the PIF3 gene has been deposited in different than that of PIF3.
the databases. This BAC represents this same region
of chromosome 1, thus verifying the location of PIF3.
The PIF3 protein contains a region of strong homology Functional Involvement of PIF3 in
Phytochrome-Regulated Morphogenesisto the DNA-binding and dimerization domains of the
bHLH protein superfamily (Atchley and Fitch, 1997) (Fig- To test for PIF3 involvement in phytochrome signaling
in vivo, we generated multiple, independent transgenicures 3A and 3B). This sequence similarity is clear in
alignments with sequences from a variety of organisms, Arabidopsis lines expressing either sense or antisense
PIF3 cDNA sequences driven by the CaMV 35S promoterincluding two known factors from Arabidopsis, RAP1
(de Pater et al., 1997) and rd22bp1 (Abe et al., 1997) and assayed for photoresponsiveness. Transgenic lines
segregating for a single T-DNA locus, as determined by(Figure 3B). PIF3 also contains a classical bipartite nu-
clear localization signal (NLS) motif (Figures 3A±3C). basta resistance, were selected for further analysis and
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Figure 3. The PIF3 Gene Encodes a Novel bHLH-PAS Protein
(A) Diagrammatic representation of the PIF3 gene and the encoded PIF3 protein. The nucleotide sequence of the gene is identical to a segment
of BAC F14J9 (accession number AC003970). The protein-coding region is indicated by solid black boxes, untranslated transcribed regions
by open boxes, introns and flanking DNA by a line, and putative TATA boxes by thick vertical lines. Dashed lines indicate uncertainty of 59
and 39 boundaries of the transcribed region. Thick line below the gene delineates the cDNA sequence used as a hybridization probe in the
quantitative RT-PCR analysis (dashed segments indicate intron sequences absent from the probe). Sequence motifs within the PIF3 protein
are indicated with their coordinates: PAS, Per-Arnt-Sim-like domain; NLS, bipartite nuclear localization signal; bHLH, basic helix-loop-helix
related sequence.
(B) Alignment of the bHLH-region amino acid sequence of PIF3 with other related proteins. Identical and similar residues in 50% or more of
the sequences are shown in reverse contrast and shaded letters, respectively. The locations of the conserved basic region, the two helices,
the loop, and the putative NLS are depicted below. The GenBank accession numbers of unnamed sequences (all from Arabidopsis) are listed
to the left. Other accession numbers are BPERU (maize), X57276; PG1 (bean), U18348; RAP1 (Arabidopsis), X99548; RD22BP1 (Arabidopsis),
AB000875; bMAL1B (human), AB000812; and AVI MYC (avian virus), V01173.
(C) Alignment of the putative bipartite NLS sequence of PIF3 with similar motifs in other proteins. The basic residue clusters at each end of
the motif are shown in reverse contrast. Accession numbers: GT-2N and GT-2C (rice, GT-2 factor), X68261; OP2C (opaque2, maize), M29411;
VIRD2 (Agrobacterium virulence gene), sp:P06668; GCN4 (yeast), 602376; and C-FOS (mammalian), sp:P01100.
(D) Alignment of the putative PAS region of PIF3 with similar sequences in other proteins. Identical and similar residues in 50% or more of
sequences are shown in reverse contrast and shaded letters, respectively. Asterisks indicate residues in PIF3 that are identical or similar to
residues in two or more of the other sequences (i.e., 25% of sequences match). GenBank accession numbers are MESPHY1b, U31284; PHYA1
and PHYA2, X17341; PYP, sp:P16113; WC-1, X94300; WC-2, Y09119; PER-1 and PER-2, AF033029; bMAL1b, AB000812; SIM, sp:P075709;
and ARNT, U10325.
Multiple sequence alignments in (B±D) were performed using a combination of PILEUP (GCG Wisconsin Package) and manual alignment. The
boundary residue coordinates for each protein are listed in parentheses.
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significant but less pronounced effect of FRc, primarily
at lower fluence rates. The absence of any difference
from wild type in dark-grown seedlings (Figure 4) estab-
lishes that these phenotypic differences are light depen-
dent. Moreover, examination of segregating T1 popula-
tions of the S38 and A22 lines for photoresponsiveness,
coupled with assay of individual seedlings from these
populations by PCR for the presence of the transgene,
established that these light-dependent phenotypes co-
segregate with the T-DNA insertion (data not shown).
We examined several other independent transgenic
lines homozygous for the transgene for consistency of
the phenotypes observed for S38 and A22. All additional
sense lines exhibited marginally enhanced sensitivity to
Rc and FRc, similar to that of S38, albeit somewhat less
pronounced (Figure 4B, left). All sense lines express
substantially elevated levels of PIF3 mRNA relative to
wild type (Figure 4C, left). Similarly, the additional anti-
sense lines exhibited reduced Rc and FRc sensitivity,
qualitatively similar to that of A22 (Figure 4B, right). The
strength of the phenotype is roughly correlated with
the extent of the reduction in PIF3 transcript levels in
the antisense lines (Figure 4C, right). These data indicate
that the phenotypes observed are unlikely to be due to
inadvertant disruption of an endogenous gene by the
T-DNA insert and are most likely due to increases or
decreases in PIF3 levels generated by expression of
the sense and antisense PIF3 sequences, respectively.
Similarly, the absence of differences in phyA and phyB
levels between the wild-type and transgenic lines (Figure
4D) indicates that the phenotypes are not due to indirect
effects of the PIF3-sense or -antisense constructs on
photoreceptor levels.
In addition to the long hypocotyl phenotype induced
by PIF3-antisense expression, we also observed dimin-
Figure 4. Elevated PIF3 Transcript Levels Enhance, and Reduced ished rates of light-induced hook opening and cotyledon
PIF3 Transcript Levels Reduce, Photoresponsiveness to Rc and FRc
separation, reduced cotyledon expansion, and early
(A) Fluence-rate dependence of Rc (left) and FRc (right) inhibition
flowering (data not shown).of hypocotyl elongation in wild-type (WT) and homozygous PIF3-
sense (S38) and -antisense (A22) transgenic lines grown for 4 days
Antisense PIF3 Inhibits the Phytochromein darkness (dark) or the indicated light conditions.
(B) Hypocotyl elongation response of independent homozygous Regulation of Photoresponsive Genes
PIF3-sense (S22, S24, S32, S38) and -antisense (A4, A15, A21, A22) To determine whether the involvement of PIF3 in phyto-
transgenic lines compared to wild-type (WT) after 4 days growth in chrome signaling could be observed at the gene expres-
darkness (D), Rc (20 mmol m22 s21), or FRc (2.6 mmol m22 s21).
sion level, we selected three genes whose light-regu-(C) Quantitative RT-PCR analysis of PIF3 and PHYE transcript levels
lated expression has been well studied: two positivelyin wild-type (WT) and in homozygous PIF3-sense (S22, S24, S32,
regulated genes, CAB and CHS, and one negatively reg-S38) and -antisense (A4, A15, A21, A22) seedlings grown as in (B).
The boxes above each track correspond to the designations imme- ulated gene, PHYA (Quail, 1994; Terzaghi and Cash-
diately above in (B). PCR products were detected by Southern blot- more, 1995). Figure 5 shows that all three genes are
ting using the probe indicated in Figure 3B for PIF3 and in Experi- regulated in the expected fashion in wild-type seedlings.
mental Procedures for PHYE.
CAB and CHS mRNA levels are strongly enhanced, and(D) Western blot analysis of phyA and phyB levels in wild-type (WT)
PHYA mRNA levels are reduced in both Rc and FRc,and homozygous PIF3-sense (S38) and -antisense (A22) seedlings
consistent with the involvement of both phyA and phyBgrown as in (B). The phytochrome proteins were detected with phyA-
or phyB-specific monoclonal antibodies. in this regulation. By contrast, the photoresponsiveness
of all three genes is altered to a greater or lesser extent
in the PIF3-antisense A22 line (Figure 5). A clear reduc-for production of progeny homozygous for the trans-
tion in the extent of CAB and CHS induction, as well asgenic locus.
of PHYA repression, relative to wild type is observed inFigure 4 shows Rc and FRc fluence-rate response
the A22 line in response to Rc. Similar but less pro-curves for one homozygous PIF3-sense line (S38) and
nounced reductions in the effectiveness of FRc on CABone homozygous PIF3-antisense line (A22) compared
and CHS induction are also apparent in the A22 lineto wild type. The data indicate that the PIF3-sense line
relative to wild type, while no detectable effects on PHYAis marginally more sensitive to Rc and FRc of higher
repression are observed. Similar results were obtainedfluence rates. By contrast, the PIF3-antisense line dis-
plays a striking reduction in sensitivity to Rc, with a in three separate experiments.
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strongly localized to the nucleus (data not shown), indi-
cating the absence of phytochrome-regulated control
of localization in these cells.
Discussion
The data presented here provide evidence that PIF3
functions in both phyA and phyB signal transduction
and that it performs this function as a consequence of
its capacity to interact directly with both photoreceptor
molecules. The conclusion that PIF3 can operate as a
direct signaling partner with both phyA and phyB has
important implications for potential mechanisms under-
lying the differential photosensory and physiological
functions of the two photoreceptors. Moreover, the
identification of PIF3 as a bHLH protein suggests a
novel, direct signaling pathway from the phytochromes
to the photoresponsive nuclear genes that they regulate.
Figure 5. Reduced PIF3 Transcript Levels Reduce Photorespon- PIF3 Has a Functional Role in Both phyA
siveness of Both Positively and Negatively Regulated Genes
and phyB Signaling In Vivo
Northern blot analysis of chlorophyll a/b binding protein (CAB3),
The observation that expression of sense and antisensechalcone synthase (CHS), and PHYA mRNA levels in wild-type (WT)
PIF3 constructs affects light-treated, but not dark-grown,and homozygous PIF3-antisense (A22) transgenic seedlings grown
seedlings establishes that PIF3 has a specific functionin darkness for 3 days and either retained in darkness (D) or trans-
ferred to Rc (20 mmol m22 s21) or FRc (0.85 mmol m22 s21) for an in light-induced developmental processes. Moreover,
additional 18 hr. Five micrograms of total RNA were analyzed for because photoresponsiveness is perturbed in both Rc
each treatment. rRNA, cytoplasmic 18S rRNA. and FRc, the data indicate that PIF3 is involved in both
phyA and phyB signaling. The reduced photorespon-
siveness caused by PIF3-antisense-imposed reductions
Subcellular Localization of PIF3 in PIF3 mRNA levels indicates further that PIF3 is neces-
Because of the sequence similarity of PIF3 to members sary for normal phyA and phyB signal transduction in
of the nuclear-localized bHLH family and the presence the cell either as a direct signal-transfer intermediate or
of a putative bipartite NLS (Figure 3), we examined the as a positive regulator of the pathway. This effect is
subcellular localization of a PIF3:GUS fusion in a tran- most striking in Rc, indicating a major role in phyB sig-
sient transfection assay using onion epidermal cells naling. The reason for the effects of antisense expres-
(Shieh et al., 1993). The data show that, under continu- sion on responsiveness to FRc being most apparent at
ous white light, the PIF3:GUS protein is strongly local- low, but not high, fluence rates is not clear. However,
ized to the nucleus in these cells, in contrast to the GUS this could reflect PIF3 involvement in the so-called low-
protein alone (Figure 6). In other experiments involving and very low±fluence responses mediated by phyA, but
a terminal FR pulse irradiation and dark incubation after not in the so-called high irradiance responses (Manci-
nelli, 1994). Although PIF3 mRNA levels are stronglybombardment, the PIF3:GUS fusion protein was also
Figure 6. PIF3 Can Localize to the Nucleus
Constructs encoding either the GUS reporter
sequence alone (GUS) (A and C) or GUS fused
to the PIF3 cDNA sequence (GUS:PIF3) (B
and D), each driven by the CaMV 35S pro-
moter, were introduced into onion epidermal
cells by particle bombardment. After 24 hr
incubation, the cells were stained for GUS
activity and for DNA using DAPI to identify
nuclei. Bar, 100 mm.
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increased in sense seedlings (Figure 4C), photorespon- transgenic Arabidopsis indicating that the C-terminal
domains of phyA and phyB are functionally interchange-siveness is enhanced to only marginal and barely detect-
able degrees in Rc and FRc, respectively. This observa- able (Quail et al., 1995; Wagner et al., 1996). In addition,
the evidence that reduced PIF3 expression levels dis-tion could suggest that the level of endogenous PIF3 is
almost saturating for the pathway. Alternatively, be- rupt both Rc and FRc regulation of positively and nega-
tively photoresponsive genes (Figure 5) indicates thatcause the transgene-encoded PIF3 protein in these lines
lacks 63 N-terminal residues due to cloning difficulties, PIF3 acts very early in a signaling pathway common to
both phyA and phyB. Also potentially consistent withit is possible that it is less than fully active.
Strong support for the functional importance of PIF3 this possibility are the photomorphogenic mutants pef1
(Ahmad and Cashmore, 1996b) and psi2 (Genoud et al.,in phytochrome signaling in vivo was provided recently
by the molecular cloning of a T-DNA-tagged locus in a 1998), which display aberrant photoresponsiveness to
both Rc and FRc, implying defects in both phyA andphotomorphogenic mutant, poc1, in this laboratory (K.
Halliday et al., unpublished). This mutant was selected phyB signaling.
On the other hand, there is much genetic evidencein a genetic screen for Arabidopsis seedlings hypersen-
sitive to Rc. The data from this study show that the from phytochrome-mutant studies that phyA and phyB
have clearly differential, antagonistic photosensory ac-T-DNA is inserted into the promoter region of the PIF3
gene causing overexpression. The resultant Rc hyper- tivities in controlling seedling deetiolation (Quail et al.,
1995), and there are a number of other photomorpho-sensitivity in the poc1 mutant is consistent with that
observed here for the PIF3-sense-expressing transgenic genic mutants that appear to be specifically defective
in separate phyA and phyB pathways (Whitelam et al.,seedlings (Figure 4A). We suggest that the convergence
on the same factor of these two separate and indepen- 1993; Ahmad and Cashmore, 1996b; Wagner et al., 1997;
Hoecker, et al., 1998).dent approaches provides compelling reinforcement of
the conclusion that PIF3 is a bona fide phytochrome How can these two sets of data be reconciled? At
present, a minimum of two alternative formal modelssignal transduction component.
appear possible (Figure 7). In Model 1, two classes of
signals emanate from each phytochrome type directlyPIF3 Interacts Directly with Both phyA and phyB
at the level of the photoreceptor molecule (Figure 7A).The binding of PIF3 to both phyA and phyB, but not to
One class involves one or more shared phytochrome-a control protein or to missense mutant±containing phyA
interacting factors, such as PIF3, leading to immediateor phyB proteins, indicates that the interaction exhibits
pathway convergence. Downstream factors (potentiallya significant degree of molecular specificity. Although
PEF1, PSI2) are then signaling intermediates commonwe initially chose the C-terminal domain of the photore-
to both pathways. The other class of signals involvesceptor because of the evidence of its critical role in
both separate phytochrome-interacting factors and down-signal transfer to downstream components (Quail et al.,
stream signaling intermediates (FHY1, FHY3, SPA1,1995; Wagner et al., 1996), subsequently, we also at-
PEF2, PEF3, RED1) specific to either phyA or phyB (Fig-tempted to use the yeast two-hybrid system to monitor
ure 7A). In Model 2, signals emanate from each photore-PIF3 interactions with the full-length photoreceptors.
ceptor via one or more shared interacting factors, suchHowever, this attempt was unsuccessful, apparently be-
as PIF3, but signal transmission is modulated by othercause of the inability of any of the Gal4:full-length-phyto-
factors specific to each phytochrome type to reflect thechrome fusion products produced to enter the nucleus
specificity of each type (Figure 7B).(data not shown). We have not yet determined whether
These models are clearly oversimplified and highlyPIF3 interacts with full-length, photoactive phytochromes
speculative, and other formulations are probably equallyfrom other sources. Although this leaves open the ques-
compatible with the data. Nevertheless, the emergingtion of whether PIF3 binds differentially to the Pr and
pattern suggests the existence of a complexity of signal-Pfr forms of the photoreceptor, the disruption of PIF3
ing transactions close to the level of the phytochromebinding by single amino acid substitutions known to
molecules themselves, including the possibility of multi-disrupt downstream transfer of perceived signals (Fig-
ple reaction partners for each photoreceptor. A recenture 2) provides strong correlative evidence that PIF3
report of direct interaction between phyA and the bluebinding to the C-terminal domain may be involved in
light receptor CRY1 (Ahmad et al., 1998) is consistentsignaling in vivo. Together with the reverse-genetic evi-
with this proposal.dence showing PIF3 involvement in phyA and phyB sig-
nal transduction discussed above, these data support
Intracellular Path of Phytochrome Signalingthe conclusion that PIF3 is likely to be a direct recipient
The discovery of a potential transcriptional regulator that
of signaling information from both phyA and phyB via
interacts directly with phytochrome molecules opens a
physical interaction with both photoreceptor molecules.
new window on the question of the path by which the
photoreceptor conveys signals to photoresponsive
Separate or Common, Single or Multiple, Primary genes. Based on the observation that PIF3 can localize
Phytochrome Signaling Pathways? to the nucleus and on the premise that the phytochrome
The discovery of a potential primary reaction partner molecule and PIF3 must at some point make physical
shared by phyA and phyB implies the immediate conver- contact in the cell for signal transfer to occur, there
gence of the signaling pathways of these two phyto- appear to be a minimum of four formal alternative possi-
chromes. Consistent with this possibility are the func- bilities: (1) phytochrome and PIF3 molecules are cyto-
plasmic in the dark, and Pfr formation induces PIF3tional analyses of chimeric phytochrome constructs in
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epidermal cells may not exhibit normal phytochrome
control, alternatives 1 and 2 must remain open. More
definitive data on PIF3 and phyA localization in Arabi-
dopsis are needed to clarify this question.
Previous studies have provided evidence for phyto-
chrome-induced translocation of a G box±binding factor
to the nucleus (Harter et al., 1994). This could represent
a pathway similar to that proposed above for PIF3 in
alternatives 1 or 2. In addition, microinjection and phar-
macological studies have suggested the involvement of
G proteins, Ca/calmodulin, and cGMP in phyA and phyB
signaling (Millar et al., 1994; SchaÈ fer et al., 1997), pre-
sumably consistent with signals initiated by cytoplasmi-
cally localized phytochrome. In either case, the assem-
bled data are potentially compatible with the proposal
that multiple signaling pathways may emanate from
each phytochrome (Figure 7A). However, the biochemi-
cal transactions underlying the transfer of perceived
signals from photoactivated phytochromes to their pri-
mary reaction partners remain to be definitively identi-
fied (Quail, 1997b).
Potential PIF3 Target Genes
The identification of PIF3 as a bHLH protein not only
implies an extremely short and direct pathway to tran-
scriptional regulation by phyA and phyB, but also sug-
gests classes of genes that are potential direct targets
of such regulation. It is well established that the majority
of bHLH proteins bind as dimers to DNA containing the
E box motif with the core sequence CANNTG (Murre et
Figure 7. Alternative Formal Models Depicting Potential Early Steps al., 1994; Patikoglou and Burley, 1997). It is of interest
in Phytochrome Signal Transduction
to note that the palindromic G box motif CACGTG, com-
(A) Model 1 proposes two or more signaling pathways emanating mon to many plant genes (Menkens et al., 1995), is a
from each of phyA and phyB in response to FRc and Rc excitation,
specific member of the E box family. Indeed, the plantrespectively. One pathway is common to both photoreceptors, in-
bHLH factors PG1 and RAP-1 bind preferentially to thevolving the shared primary transduction partner PIF3. This pathway
leads to immediate convergence of phyA and phyB signaling, and G box motif (Kawagoe and Murai, 1996; de Pater et al.,
downstream components, potentially including the genetically de- 1997). This observation raises the possibility that many
fined PEF1 and PSI2 gene products, are common to both pathways. of the photoresponsive genes that are known to contain
The other pathway is separate and specific to each photoreceptor, G boxes in their promoters and have been considered
involving genetically defined potential signaling components such
to be targets of the GBF bZIP class of factors (Menkensas FHY1, FHY2, and SPA1 for phyA, and PEF2, PEF3, and RED1 for
et al., 1995) may instead, or in addition, be targets ofphyB. All pathways are then proposed to converge at or upstream
of the COP/DET/FUS complex of regulators. bHLH proteins, including PIF3. Equally tenable, and non-
(B) Model 2 proposes a single, common pathway emanating from mutually exclusive, is the possibility that PIF3 targets
each of phyA and phyB via the shared primary transduction partner one or more master-switch type genes that then control
PIF3. Specificity between the two photoreceptor activities is then downstream gene-expression cascades.
proposed to be imposed by factors specific to each phytochrome,
The PAS domain in PIF3 might be expected to play asuch as SPA1, FHY1, and FHY3 for phyA, and PEF2, PEF3, and RED1
role in protein±protein interactions such as homo- orfor phyB, modulating the output signal from each photoreceptor.
heterodimerization, as in other PAS-containing proteins
(Kay, 1997; Dunlap, 1998). Alternatively, because PIF3translocation to the nucleus; (2) phytochrome and PIF3
and the phytochromes both contain PAS domains, theseare cytoplasmic in the dark, and Pfr formation induces
could be involved in the interaction between the twocotranslocation of both molecules to the nucleus; (3)
molecules. The PAS domain in PIF3 could also suggestphytochrome is cytoplasmic and PIF3 is nuclear in the
a possible role in circadian clock regulation. Recentdark, and Pfr formation induces photoreceptor translo-
data from Drosophila, Neurospora, and mammalian cellscation to the nucleus, followed by interaction with PIF3;
have provided exciting evidence of the role of bHLH-(4) both phytochrome and PIF3 are constitutively nu-
PAS proteins in the central clock mechanism (Kay, 1997;clear.
Dunlap, 1998). Because the phytochromes are wellThe constitutive nuclear localization of PIF3 detected
known to modulate the circadian clock (Anderson et al.,here (Figure 6), coupled with recent evidence of photoin-
1997), PIF3 involvement would provide a potential directduced translocation of phyB from cytoplasm to nucleus
link between the photoreceptor and the clock. However,(Sakamoto and Nagatani, 1996), would at face value
PIF3 would be an atypical member of this bHLH-PASappear to favor alternative 3. However, because estab-
class of factors if this link were true. This is because,lished evidence has long indicated that phyA is consti-
tutively cytoplasmic (Pratt, 1994), and because onion whereas PIF3 has a single PAS domain on the N-terminal
Phytochrome-Interacting Factor 3
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the cDNA sequence was subsequently obtained from BACF14J9side of the bHLH domain (Figure 3A), the established
(GenBank accession number AC003970).clock-related members of the family have a pair of PAS
domains on the C-terminal side of the bHLH motif (Kay,
Arabidopsis Transformation1997; Darlington et al., 1998). The availability of mutant
A binary vector, pKF111, modified from pBin19 to contain a basta-
and transgenic lines of Arabidopsis altered in PIF3 tran- resistance, selectable-marker gene for plant transformation was a
script levels will enable this possibility to be directly gift from Dr. K. Franke. PIF3-sense and -antisense cDNA constructs
were made by PCR amplification with restriction site±containingtested.
primers and directionally cloned into the pFK111 vector, under the
control of the 35S CaMV promoter and followed by a 35S CaMV
Experimental Procedures
terminator. The sense construct covered the PIF3 coding region
from residue 64 to the stop codon because the full-length sequence
Yeast Two-Hybrid Screen and Quantitative
appeared to be toxic to E. coli when cloned into the binary vector.
Interaction Assay
The antisense construct covered the entire coding region from start
The Matchmaker two-hybrid system (Clontech, CA) was used for
to stop codons. The vectors were then electroporated into Agro-
the yeast two-hybrid screen in the presence of 20 mM 3-aminotrizole
bacterium strain GV3101 (MP90) and Arabidopsis was transformed
(3-AT). Yeast transformation, filter and liquid b-galactosidase activ-
by vacuum infiltration (Bechtold et al., 1993). Five milligrams/liter of
ity assay, and plasmid pACT rescue into E. coli HB101 were ac-
glufosinate-ammonium (Riededel-de Haen, Germany) was used for
cording to the manufacturer's instructions. The lACT cDNA expres-
transgenic plant selection.
sion library was a gift from Drs. J. Kim and A. Theologis and was
converted to a pACT library according to Durfee et al. (1993). For
Seedling Growth Conditionsquantitative interaction assays, phyA and phyB C-terminal domains
Seeds were pretreated as described (Parks and Quail, 1993) and(residues 645 to 1210; Quail, 1997a) and the PIF3 cDNA were ampli-
grown at 228C on GM medium minus sucrose under the various lightfied by PCR with primers containing restriction sites and cloned into
conditions specified in the figure legends. Rc and FRc light sourcespGBT9 or pGAD424. The point mutations in phyA or phyB molecules
were as described (Parks and Quail, 1993), and fluence rates werewere made using a QuikChange site-directed mutagenesis kit (Stra-
monitored using a spectroradiometer (Model LI-1800; Li-Cor, Lin-tagene, La Jolla, CA).
coln, NE). Hypocotyl lengths were measured using a Pixera profes-For b-galactosidase activity and Western blot assay (Wagner et
sional digital camera (Pixera, Cupertino, CA) and NIH image softwareal., 1996), yeast was grown overnight in SD selection medium, di-
(public domain, Bethesda, MD).luted 1 to 5 in YPD medium, and grown for an additional 3 to 4 hr
at 308C. Total protein was extracted by resuspending cells in 2 to
Transgenic Plant Analysis3 volumes of PBS buffer containing 1 mM PMSF, 2 mM EDTA,
For RT-PCR analysis of transcript levels, total RNA was isolated0.1% 2-mercaptoethanol, 5 mM benzamidine, 0.5% Triton X-100
using RNeasy plant mini kits (Qiagen, Valencia, CA) and treated withand vortexing for 2 min in the presence of an equal volume of
RQ1 RNase-free DNase (Promega, Madison, WI). Eight nanogramsacid-washed glass beads (425±600 mm, Sigma). The monoclonal
of RNA was used for PIF3-sense RT-PCR analysis and 16 ng forantibodies against the Gal4 DNA-binding domain (GBD) or Gal4
PIF3-antisense RT-PCR analysis using the primers 15F (59-CGCAGGactivation domain (GAD) used to monitor fusion-protein expression
AACCACTAATTACTA-39), which anneals to the 59 end of the probein yeast were from Santa Cruz Biotechnology (Santa Cruz, CA).
indicated in Figure 3, and 15R (59-CAGGCAAGCCCATTGCATAAG-
39), which anneals to the reverse orientation of the 39 end of the probe
In Vitro Binding Assay indicated in Figure 3 and the access RT-PCR* system (Promega,
The GAD template was made by ligation of the T7 promoter to PCR- Madison, WI). As a control, PHYE-specific primers E5 (CAGCTGCAA
amplified GAD DNA using a Lig'nScribe kit (Ambion, Austin, TX). GCAACATGAAACCTC) and E3 (TCCTCCGGGAAGTGACTGCAGCC
The Arabidopsis phyB C-terminal domain (645±1210) (A-phyB) and TAGA) were used to amplify a 624 bp sequence in an RT-PCR reac-
the GAD:full-length PIF3 fusion protein (GAD:PIF3) templates were tion. The resultant PCR products were separated on a 1.2% agarose
amplified by PCR using primers containing restriction sites and gel, blotted, and hybridized with the probe described in Figure 3
cloned into the NcoI±SalI or NdeI±BamHI sites, respectively, of for PIF3 and with a PCR probe amplified using E5 and E3 primers
pET15b or pET3b vectors (Novagen, Madison, WI). Each encoded for PHYE.
protein was synthesized separately in vitro using 35S-Met in the TNT Protein extracts were prepared from seedlings according to
in vitro transcription/translation system (Promega, Madison, WI). Wagner et al. (1996), except the ethylene glycol was omitted from
The binding reaction was conducted by mixing A-phyB (2.5 fmol) the extraction buffer. phyA and phyB were detected by Western blot
with either GAD (10 fmol) or GAD:PIF3 (10 fmol) and incubating at using phyA- and phyB-specific monoclonal antibodies (Hirschfeld et
48C for 2 hr in 0.8 ml PBS buffer (pH 7.4) containing 0.1% NP-40, al., 1998). For analysis of light-regulated genes, total RNA was iso-
0.1% BSA, 1 mg/ml aprotenin, 1 mg/ml leupeptin, 1 mg/ml pepstatin, lated as above and subjected to Northern blot analysis (Ausubel et
5 mM benzamidine, 1 mM PMSF, 1 mg monoclonal antibody against al., 1989). Hybridization probes for CAB, CHS, and 18S rRNA were
GAD, and 20 ml protein A/G plus agarose (Santa Cruz Biotechnology, made from purified DNA fragments as described by Deng et al.
CA). The beads were pelleted and washed six times with the above (1991). The hybridization probe for PHYA was made by PCR amplifi-
buffer without BSA and PMSF. The proteins from the pellet (entire cation of a PHYA cDNA clone (nt 1935 to 3630) (Sharrock and Quail,
fraction) and supernatant (1/20th of the volume) were resolved on 1989). The probes were labeled with 32P-dCTP using a multiprime
a 13% SDS-PAGE gel and visualized by autoradiography. DNA labeling system RPN 1600 (Amersham, IL).
Full-Length PIF3 cDNA Isolation Nuclear Localization Analysis
The original PIF3 cDNA isolated in the yeast two-hybrid screen The plasmid pRTL2-GUS/NIaDBam (Restrepo et al., 1990) was di-
lacked the first 63 amino acids at the N terminus. Full-length cDNAs gested with BamHI and BglII to release the NIa coding region. The
were isolated from the CD4-14 lZapII cDNA library (Kieber et al., full-length PIF3 open reading frame was amplified by PCR with
1993) using the GeneTrapper cDNA positive selection system (Life primers creating BamHI sites immediately 59 to the ATG and 39 to the
Technologies). TGA and cloned into pRTL2-GUS/NIaDBam, creating the GUS:PIF3
fusion driven by the CaMV 35S promoter. Onion epidermal cells
were transfected with either pRTL2-GUS (Restrepo et al., 1990) orPIF3 Gene Sequence Determination
The PIF3 genomic sequence was amplified by PCR with a 59 primer GUS:PIF3 plasmids using a helium biolistic gun transformation sys-
tem (DuPont, Wilmington, DE) as described (Shieh et al., 1993) andcomplementary to a 21 bp sequence in the 59 untranslated region
of the PIF3 cDNA, 84 bp upstream of the ATG codon, and with a 39 incubated in the light for 24 hr at 258C. The location of b-glucuroni-
dase activity was determined by using X-gluc, and nuclei were iden-primer complementary to a 21 bp sequence immediately upstream
of the TGA codon. The amplified PCR products were sequenced tified using the DNA-specific stain DAPI (1 mg/ml) (Shieh et al., 1993).
The subcellular localization of the blue precipitate was visualizedusing an ABI 373 sequencer. Flanking genomic sequence outside
Cell
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using a Zeiss Axiophot microscope and compared to the DAPI stain- Deng, X.-W., Caspar, T., and Quail, P.H. (1991). cop1: a regulatory
locus involved in light-controlled development and gene expressioning in the same cells using fluorescence optics. Transfections were
repeated three times, and a minimum of 30 cells for each construct in Arabidopsis. Genes Dev. 5, 1172±1182.
were analyzed from each experiment. Dunlap, J. (1998). An end in the beginning. Science 280, 1548±1549.
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GenBank Accession Number
The GenBank accession number for the PIF3 cDNA sequence re-
ported here is AF100166. The PIF3 gene sequence is present on
BAC F14J9 (accession number AC003970).
